Calorie restriction (CR) promotes longevity among distinct organisms from yeast to mammals. Although CR-prolonged lifespan is believed to associate with enhanced respiratory activity, it is apparently controversial for accelerated energy consumption regardless of insufficient nutrient intake. In reconciling the contradiction of less food supply versus much metabolite dispense, we revealed a CR-based mode of dual-phase responses that encompass a phase of mitochondrial enhancement (ME) and a phase of post-mitochondrial enhancement (PME), which can be distinguished by the expression patterns and activity dynamics of mitochondrial signatures. ME is characterized by global antioxidative activation, and PME is denoted by systemic metabolic modulation. CR-mediated aging-delaying effects are replicated by artesunate, a semi-synthetic derivative of the antimalarial artemisinin that can alkylate heme-containing proteins, suggesting artesunate-heme conjugation functionally resembles nitric oxide-heme interaction. A correlation of artesunate-heme conjugation with cytochrome c oxidase activation has been established from adduct formation and activity alteration. Exogenous hydrogen peroxide also mimics CR to trigger antioxidant responses, affect signaling cascades, and alter respiratory rhythms, implying hydrogen peroxide is engaged in lifespan extension. Conclusively, artesunate mimics CR-triggered nitric oxide and hydrogen peroxide to induce antioxidative networks for scavenging reactive oxygen species and mitigating oxidative stress, thereby directing metabolic conversion from anabolism to catabolism, maintaining essential metabolic functionality, and extending life expectancy in yeast.
Calorie restriction (CR), the limitation of food intake without malnutrition, is dedicated to adapt starvation among eukaryotes [1] . As an evolutionarily conserved character, CR-enhanced survival and longevity have been described in yeast [2] , worms [3] , fruit flies [4] and mammals [5] . In yeast, both the chronological lifespan (CLS) and the replicative lifespan (RLS) can be extended by reducing glucose from 2% to 0.5%. CLS measures the length of time yeast cells remain viable at a non-dividing state (postmitotic survival), whereas RLS counts the number of cell divisions an individual yeast cell undergoes before senescence (division potential). While CLS is more relevant to the postmitotic cell aging, RLS is closely related to the replicative aging such as in stem cells [6] .
In mammals, CR is believed to induce cyclic guanosine monophosphate (cGMP) for the activation of epithelial nitric oxide synthase (eNOS), which initiates mitochondrial biogenesis and prolongs lifespan via enhanced nitric oxide (NO) production [79] . As supporting evidence, the NO donor compound S-nitrosoglutathione indeed confers yeast lifespan extension [10] . However, no NOS homologs have been identified in all known yeast strains although NO has been detected in Saccharomyces cerevisiae [11] and Schizosaccharomyces pombe [12] . It has been suggested that yeast mitochondrial cytochrome c oxidase (COX) can catalyze the reduction of nitrite to NO [13] , implying NO not from NOS may be employed for yeast signaling.
It seems that NO-enhanced mitochondrial biogenesis during CR exposure is an acceptable conclusion drawn for CR-mediated lifespan extension because augmented respiratory activity has been found to correlate with longevity in yeast, fruit flies, mice, and rats [14, 15] . However, a recent report has addressed chronic CR preserves mitochondrial function in aging without increasing mitochondrial biogenesis [16] . Other new reports have also questioned if CR really elicits mitochondrial biogenesis [17, 18] . Therefore, how to decipher the discrepancy regarding mitochondrial biogenesis is still an open question.
From the observation that the increases in mitochondrial translation and oxygen consumption are manifested during logarithmic and early postdiauxic growth stages in yeast [19] , we proposed here a hypothesis of "dual-phase responses", which annotates the active reactions of yeast upon CR by the first phase of "mitochondrial enhancement" (ME), or a respiratory burst phase, and the second phase of "post-mitochondrial enhancement" (PME), or a respiratory decay phase. While ME occurs only in the early CR phase (short-term or acute CR), PME maintains in the late CR phase (life-long or chronic CR). Because CR can trigger hydrogen peroxide (H 2 O 2 ) burst and induce superoxide dismutase (SOD) overexpression [20] , and NO can reversibly bind to the heme moiety of COX [21] , we assume CR-triggered NO may interact with COX to result in H 2 O 2 generation and SOD induction through mitochondrial uncoupling, thereby scavenging reactive oxygen species (ROS), attenuating oxidative stress, guiding metabolic conversion, and eventually extending lifespan.
To verify the above preposition, we used artesunate (ART), a semi-synthetic derivative of the antimalarial artemisinin enabling conjugation to the heme moiety within COX to simulate the interaction of NO with COX during CR exposure. Also, we used H 2 O 2 to testify the consequence of NO-COX interaction. Our previous work has convinced ART can induce NOS and catalase (CAT), and lead to the generation of NO and H 2 O 2 by covalently conjugating the heme moiety of those hemoenzymes, suggesting ART may behave as the NO and H 2 O 2 inducers [22, 23] .
For a systematical evaluation on CR-mediated antioxidative augments and metabolic alterations, we comparatively analyzed the global expression profiles of CR, ART, or H 2 O 2 -treated yeast by a whole transcriptomic microarray. Among which the quantitative data from some critical genes were further confirmed by real-time fluorescent quantitative reverse transcription-polymerase chain reaction (qPCR) and enzyme activity determination. Also, ART-heme conjugation was correlated with COX upregulation and activation. We believe these results should shed light into the identification of bona fide mechanisms underlying that CR prolongs yeast lifespan through putative NO and H 2 O 2 -mediated signaling cascades.
Materials and methods

Strains, media, and culture conditions
The budding yeast (Saccharomyces cerevisiae) strain BY4743 (Invitrogen, Carlsbad, CA, USA) was grown in YPD media (1% yeast extract, 2% bactopeptone, and 2% glucose), either liquid or solid (2% agar) as calorie nonrestriction (NR), while YPD media containing 0.5% glucose were included as CR. For liquid culture, yeast cells (initial A 600 =0.01) were inoculated in 5 mL YPD liquid media in 25-mL tubes and incubated at 30°C with shaking (200 r min 1 ). For solid culture, a diluted overnight yeast culture (initial A 600 =0.05) was plated on YPD solid media in 9-cm Petri dishes and incubated at 30°C.
Treatment and sampling
CR was divided into acute CR and chronic CR. For acute CR, yeast was grown in liquid media containing 0.5% glucose for 12 h (at the logarithmic growth stage); for chronic CR, yeast was grown in liquid media containing 0.5% glucose for several days (at the post-logarithmic growth stage). ART (Nanyao Pharmacy, Guilin, China) or H 2 O 2 was used to treat yeast on the 3rd day for microarray and qPCR, or on the 7th day for CLS analysis. Fresh yeast cultures were used for determination of enzyme activities and detection of ART-heme adducts.
CLS analysis
A single yeast colony was inoculated into 5 mL YPD containing 2% glucose (NR) or containing 0.5% glucose (CR) in a 25-mL tube, and incubated at 30°C with shaking (200 r min 1 ). An aliquot of yeast cultures was sampled from each tube at different intervals for CLS analysis. Beginning at A 600 =1, a series of dilutions (10, 10 2 , 10 3 , 10 4 ) of 3 μL per aliquot were prepared for plating and incubation. Colony numbers were counted after 72-h incubation.
Determination of SOD and COX activities
Yeast Mn-SOD and COX activities were determined using commercial kits according to the manufacturer's instructions (Jiancheng Biotech, Nanjing, China, for SOD determination; GENMED, Shanghai, China, for COX determination). SOD activity was calculated from the formula: SOD 
Transcriptome-wide microarray
For microarray analysis, the Agilent array platform was employed. Sample preparation, microarray hybridization, chip scanning, image featuring, and data processing were performed based on the manufacturer's standard protocols. Differentially expressed genes were identified through fold change filtering. Pathway analysis and gene ontology (GO) analysis were applied to determine the roles of these differentially expressed genes played in these biological pathways or GO terms. Hierarchical clustering was performed to show the distinguishable gene expression profiling between two samples. Figure 1A and B) . In contrast, high doses (5, 25, and 50 µmol L 1 ) of ART decrease the survivable cell numbers as observed on the 9th, 14th and 16th day following ART treatment ( Figure 1C and D . For all treatments, the ribosomal protein pathway and the MAPK signaling pathway are downregulated, whereas meiosis pathway is upregulated.
qPCR
Metabolic alterations from biosynthesis to degradation of major metabolites are induced by treatments
Although all microarray data of inducible pathway genes are available for different treatments, some of which have not been displayed in gene ontology diagrams because of undefined significance (less than two-fold up/downregulation) as compared with NR. To clearly address ART or H 2 O 2 mimics CR in the affected modes of gene expression for metabolic modulation, the actual quantitative transcript data of major metabolic pathway genes were parallelly listed for the CR, 25 μmol (Table 1) .
As a major kind of energy metabolites, glucose can be degraded through glycolysis in combination with the citrate cycle for energy production. Glucose degradation should be damped by limited glucose supply in CR, so it is reasonable that the pathway genes responsible for both glycolysis and citrate cycle are downregulated. Interestingly, 25 μmol L
1
ART and 20 μmol L 1 H 2 O 2 also downregulate those glucose degradation pathway genes as well. Regarding fatty acids, another major energy metabolites, it is clear that biosynthesis pathway genes are downregulated, but degradation pathway genes are upregulated in all treatment groups, suggesting the modulation of lipids from storage to mobilization (data not listed, see [49] ). Similarly, biosynthesis pathway genes for two kinds of amino acids, cystein and methionine, are downregulated, whereas degradation pathway genes for two kinds of nucleotide bases, purine and pyrimidine, are upregulated. From the above results, we can predict both protein biosynthesis and nucleic acid degradation should be attenuated or even halted. The estimation of the protein concentrations in yeast cells treated by ART or exposed to CR was found to significantly inhibit protein biosynthesis (data not shown).
Downregulation of protein biosynthesis pathway genes and upregulation of protein degradation pathway genes are common among treatments
To further reveal the effect of CR, ART, or H 2 O 2 on protein (Figure 2A ), perhaps reflecting a feedback outcome following the downregulation of ribosomal protein genes. Not surprisingly, upregulation of ribosome biogenesis genes is much enhanced in the CR group because its ribosomal protein genes are extremely downregulated. At the same time, we analyzed the impact of treatments on controlled protein degradation through ubiquitylation. Among 40 ubiquitylation genes (Ubi), most of them are upregulated by CR, 25 µmol L 1 ART, or 20 µmol L 1 H 2 O 2 , indicating selective protein degradation becomes extensive in order to reutilize amino acids released from degraded proteins (Figure 2B) . Furthermore, we also found autophagy-involved 27 Atg genes are mostly upregulated by all treatments ( Figure  2C ), suggesting augmented autophagy may help yeast to cope with nutritional stress.
2.5
Oxidative phosphorylation is attenuated, and β-oxidation is accelerated, but antioxidation is selectively activated in different treatments
The metabolic flux of glucose generally flows from the cytosolic glycolysis pathway to the mitochondrial citrate cycle, and is further converged into the coupled oxidative phosphorylation pathway. Because glycolysis pathway genes and citrate cycle genes are downregulated by CR, 25 µmol L 1 ART, or 20 µmol L 1 H 2 O 2 , it can be predicted that oxidative phosphorylation pathway genes should be accordingly downregulated by those treatments. Indeed, mitochondrial signature genes encoding COX (complex IV), F 1 F 0 -ATP synthase (Complex V) and other associated proteins are downregulated in each group ( Figure 3A) . As noted, the expression levels of those genes are much lower in the CR group than in 25 acid transport, processing, and degradation, including IDP3 for the utilization of saturated fatty acids, POX1 and SPS19 for β-oxidation, and PXA1 and PXA2 for the import of long chain fatty acids ( Figure 3B ). These results show fatty acids from storage lipids should contribute to energy generation through degradation by the peroxisomal β-oxidation enzymes under the present treatment condition. ). Besides, other antioxidant enzyme-encoding genes are either upregulated (Trx3) or downregulated (Gto3 and Dot5) in different treatment groups (Table 3) . Additionally, elevation of the expression levels of peroxisome pathway genes such as CTA1 in all treatment groups seems to support the above deduction that H 2 O 2 becomes the major kinds of ROS (Figure 3B ).
Expression fluctuations of Cox1 and Sod2 reflect a mode of dual-phase responses
Because transcriptomic data showing the downregulation of oxidative phosphorylation and antioxidant genes were analyzed by sampling yeast in the post-logarithmic growth stage, we predict those genes should be upregulated in logarithmic yeast cells. To verify this prediction, we quantified Cox1 and Sod2 mRNAs induced by various doses of ART after incubation with yeast for 10 and 30 min ( Figure 4A and B To ascertain if the elevation-decline pattern is also true for Cox1-encoded mitochondrial COX, we determined COX activity in a time-course manner after treatment of yeast by ART. Consequently, a fluctuation from the initial elevation to subsequent decline occurs upon ART treatments ( Figure  5A ). This is also the case for Sod2-encoded mitochondrial Mn-SOD as yeast exposure to CR. While 12 h (0.5 d) CR considerably increases the activity of Mn-SOD, 7 d CR maintains or even decreases its activity ( Figure 5B ). The elevation-decline pattern for COX and Mn-SOD, therefore, may be the best annotation to our proposed dual-phase responses.
Expression of protein kinases is differentially regulated in logarithmic and post-logarithmic stages
The synergetic declines of ATP and NADH levels should lead to the elevation of AMP/ATP and NAD + /NADH ratios, which can activate AMP-activated protein kinase (AMPK) and NAD + -dependent deacetylase Sirtuin 1 (SIRT1). As seen from Figure 6A ). The downregulation of MAPK pathway genes is correlated with the upregulation of meiosis pathway genes ( Figure 6B) .
The two critical genes, Tor1 and Tor2, encoding the protein kinases, Tor1p and Tor2p, that control cell fate and determine lifespan are also upregulated for 1.52 folds in all treatment groups ( Figure 7A ). Because Tor1p is activated via phosphorylation, we do not expect there is a correlation of Tor1p activity with Tor1 mRNA abundance. Nevertheless, it seems the inhibition of Tor1p activity may induce Figure 7B ). In the logarithmic yeast, the expression levels of Snf1 and Kss1 induced by CR, 25 µmol L 1 ART, or 20 µmol L 1 H 2 O 2 are typically lower than those of NR, but they exhibit the expression alterations from low levels to high levels during logarithmic growth ( Figure  7C and D).
Covalent ART-COX conjugation functionally resembles reversible NO-COX interaction
Until currently, no direct evidence confirms CR elicits ROS and induces antioxidant enzymes through triggering NO. Considering ART can alkylate the prosthetic heme moiety and hence inactivate heme-harboring proteins, we proposed ART may covalently conjugate to the hemoenzyme COX and inhibit its activity. In turn, inhibition of COX should induce Cox gene expression and finally increase COX ac- tivity. Indeed, ART really increases yeast COX activity in different concentrations (0.1, 0.5 and 25 µmol L 1 ) and after various durations (1 and 3 h) ( Figure 8A ). This finding may interpret how ART modulates mitochondrial functions through simulation of the interaction of NO with COX by the conjugation of ART with COX.
As shown in Figure 8B , A 415 readings that represent heme and A 476 readings that represent ART-heme adduct increase after 3 h treatment by 25 µmol L 1 ART, but both decrease after 3 h treatment by 50 or 500 µmol L 1 ART. For the group of 25 µmol L 1 ART, the increase of heme may indicate de novo hemoprotein biosynthesis, and the increase of ART-heme adducts should validate ART-heme conjugation. In 50 µmol L 1 and 500 µmol L 1 ART groups, neither heme induction nor ART-heme conjugation were observed, implying an essential result of yeast cell death caused by the overdoses of ART.
Therefore, ART can functionally mimic CR-triggered NO to enhance ROS production and induce antioxidant responses, which may represent the consequence of compensatory enhancement of mitochondrial function. Accelerated ROS generation may be attributed to COX inhibition by ART, whereas reduced ROS emission can be the outcome of antioxidant induction upon mitochondrial enhancement.
Discussion
CR is convinced in delaying aging and prolonging lifespan among examined eukaryotes, either in the microbial yeast [6] or mammalian mice [7] . How can CR exert the beneficial effects on life expectancy remains debating, and some conclusions about CR-driven longevity are apparently controversial [24] . An implication of mitochondrial biogenesis in CR-extended lifespan has been suggested since last decade [7] , but challenges to such explanatory notion has been lunched [1618]. Mitochondrial biogenesis is characterized by enhanced respiratory activity, which means more glucose is consumed and much ATP produced for compensation of energy deficiency during CR exposure. However, this is an apparent paradoxical issue because glucose supply is extremely restricted in exposure to CR.
As an urgent response to the suddenly occurring nutritional stress, a transient respiratory burst just at the start of glucose restriction should be possible because the unexpected insufficiency of ATP and NADH can be compensated by this emergent metabolic response. Nevertheless, CR was found to promote longevity in respiratory-deficient yeast strains [25] , so respiratory burst is by no means a prerequisite for long life expectancy in yeast. To decipher the discrepancy regarding the correlation of mitochondrial biogenesis with lifespan extension, we introduced a novel concept of CR-based 'two-phase responses': a ME phase represented by "acute CR" and a PME phase characterized by "chronic CR". In the former state, mitochondrial respiratory activity is enhanced, while in the latter state, mitochondrial respiratory activity attenuated.
To provide the experimental evidence supporting this proposition, we monitored the expression modes and activity dynamics of mitochondrial signatures including those for oxidative phosphorylation and antioxidation in the present investigation. Consequently, CR-induced overexpression of Cox1 and Sod2, and increased activities of COX and Mn-SOD were detected in ME yeast cells. In contrast, the downregulation of Cox1 and Sod2 expression is followed by the decrease of COX and Mn-SOD activities in PME yeast cells. Therefore, CR-based dual-phase modes can be readily distinguished by the "up-and-down" mode of both mitochondrial signatures and antioxidant enzymes. PME during chronic CR allows the downregulation of biosynthesis pathway genes and synchronous upregulation of degradation pathway genes. The alteration of gene expression patterns involves at least four kinds of major common metabolites: glucose, fatty acids, amino acids, and nucleotides. For those metabolites, while anabolism (biosynthesis) is decreased, catabolism (degradation) is accordingly increased. It has been concluded that yeast can respond robustly to decreasing glucose levels by shifting their metabolic state from one that favors fermentation to one that favors respiration [26] . It has also been proposed that a shift in carbon metabolism may account for the extension of CLS observed in response to CR [12] .
Except for the upregulation of ubiquitylation genes responsible for selective protein degradation and amino acid recycle, we also found CR allows the overexpression of autophagy genes responsible for the reutilization of cellular constituents. It is known that yeast upregulates autophagy during entry into stationary phase, presumably as an adaptive response to the environmental stress [27] . Consistent with this notion, several yeast mutants defective for autophagy were found to have short-lived phenotypes in the CLS assay [28] . Besides, we also observed the upregulation of peroxisomal β-oxidation genes responsible for the oxidation of long-chain fatty acids. A most recently published report has indicated CR-activated peroxisomal β-oxidation systems during yeast CLS contribute to energy regeneration by stored lipids and recycled cellular components [29] .
It is believed that CR enables the decrease of ATP and NADH, or the increase of AMP and NAD + , which can separately activate AMPK and SIRT1 [30, 31] . In turn, AMPK and SIRT1 coordinately activate peroxisome proliferator-activated receptor γ co-activator 1 alpha (PGC-1) for mitochondrial biogenesis in mammals [32] . It has been reported that NAD + and Sir2 (yeast homolog of mammalian SIRT1) are required for yeast lifespan extension [33] . Also, co-activation of PGC-1 (encoded by Pgc1 in yeast) by AMPK (encoded by Snf1 in yeast) and SIRT1 (encoded by Sir2 in yeast) leads to the initiation of transcription (mRNA biosynthesis) and translation (protein biosynthesis), probably occurring in the ME phase. However, no analytic data on the details of signal transduction during the PME phase are available. Because no significant fluctuations of Snf1 and Sir2 were observed in PME yeast cells, we had to look for other candidate signal transducers. We noticed the marked downregulation of MAPK pathway genes among CR, ART, and H 2 O 2 groups. As indicated, Kss1/Fus3-encoded yeast MAPK is closely related to mammalian ERK-type kinases, which functions as a critical checkpoint for protein biosynthesis [34, 35] . In other words, if MAPK is inactivated, protein biosynthesis should be suppressed [36] . After exposure of PME yeast cells to CR, ART, or H 2 O 2 , downregulation of MAPK pathway genes and ribosomal protein genes occurs, implying protein biosynthesis is hampered in PME yeast cells. Similarly, it has also been reported that the inhibition of mRNA translation extends worm lifespan [37] .
Why MAPK pathway genes were downregulated in PME yeast cells following treatment by CR, ART, or H 2 O 2 ? To answer this question, it should be mentioned that ROS is almost thoroughly scavenged due to potent antioxidative responses provoked by CR, ART, or H 2 O 2 . During this process, Sod1 and Sod2 are induced in ME yeast cells, whereas Cta2 and Gpx1 are otherwise induced in PME yeast cells. Also, it is noteworthy that ROS is a powerful activator of all MAPK subfamilies (ERK, JNKs and p38-MAPK) [38] . Indeed, we did not observe the upregulation of Sod1, Sod2, and other antioxidant genes that generate H 2 O 2 except for Cta2 and Gpx1 that degrade H 2 O 2 in PME yeast cells, suggesting an extremely low ROS level due to an active antioxidative response. Therefore, it seems that MAPK may not be activated due to ROS deprival although the correlation of ROS levels with MAPK activity and MAPK gene expression is yet to be identified in yeast. On the other hand, it is accepted that protein kinases are implicated in yeast longevity [19, 29, 39, 40] , we actually observed the significant upregulation of Tor1 in PME yeast cells, which is as same as the case described in fission yeast [41] . It is unclear, however, whether the upregulation of Tor1 is due to the inhibition of Tor1p per se upon exposure of yeast cells to CR, ART, or H 2 O 2 .
Numerous investigations on CR paradigms have revealed markedly elevated NO levels although NOS homologues have not been found in yeast [12] . However, COX was proposed to produce NO from nitrite under hypoxic conditions [13, 42] . We really detected potent NO burst during CR, but no elevation of NO levels was detected when the NOS substrate L-arginine was added in yeast cultures (data not shown). On the other hand, it has been shown that the mitochondrial uncoupler dinitrophenol (DNP) significantly increases the expression of mitochondrial biomarkers, PGC-1ɑ, COX and mitofusin-2, indicating DNP-mediated mitochondrial uncoupling promotes mitochondrial biogenesis [43] . Our results describing the inducible expression of Cox1 in yeast cells following exposure to ART seem to support the preposition that NO-COX interaction can be mimicked by ART-COX conjugation. The covalent binding of ART to COX has been monitored by a time-course assay of the ART-heme adduct, along with the synchronous measurement of increased COX activity.
A correlation of enhanced respiration by potent antioxidation as one of the mechanisms of longevity has been established in yeast, worm and mice, among which a growing body of literature has indicated mitochondrial ROS can act as the mediators of adaptive/hormetic effects on yeast life span [4446] . A recent study has also shown CR elevates H 2 O 2 levels in an early stationary phase, and induces SOD activity to help extending CLS [20, 47] . Our results showing H 2 O 2 can mimic CR to extend yeast CLS provides supports to such putative mechanisms. Another supporting evidence comes from a recent work indicating a mitochondrial superoxide signal triggers increased longevity in worm [48] . Although the detailed mechanism underlying H 2 O 2 -mediated lifespan extension remains inclusive, it is most likely related to the induction of antioxidant enzymes and repression of MAPK signaling, as mentioned above.
It is found that, in the present investigation, CR-exposed yeast cells exhibit no remarkable induction of Sod2 genes but significant activation of Sod2-encoded Mn-SOD. Our previous work has also indicated ART can significantly increase the activity of Mn-SOD [49] . In this aspect, a recent report provides a possible explanation: activation of Mn-SOD needs SIRT3 for the de-acetylation of two critical lysine residues [50] , suggesting CR may modulate Mn-SOD activity post-translationally rather than transcriptionally. Additionally, ART mimics CR seemly in fully different ways from the previously described CR mimics. While ART behaves like mitochondrial uncouplers such as DNP [43] , rapamycin acts as an inhibitor of mTORC1 [51] , and resveratrol serves as an activator of SIRT1 [52] or as an inhibitor of cAMP phosphodiesterases [53] . Figure 9 schematically illustrates the proposed model representing ART-driven yeast lifespan extension by the modes of dual-phase responses. In the ME phase, mRNA and protein synthesis increases, and respiration is enhanced by accelerated mitochondrial biogenesis. In the PME phase, mRNA and protein synthesis decreases, and respiration is decayed by suppressed mitochondrial biogenesis.
Recently, we have established a perfect relationship between enhanced antioxidative responses and compromised telomere shortening via downregulation of the tumor suppressor BRCA1 in mice, so our future work on CRextended yeast lifespan is further elucidation on a possible correlation of attenuated oxidative DNA damage and compromised telomere shortening with prolonged life expectancy in yeast cells. , and the white arrows represent the direction of electron transport along the mitochondrial respiratory chain. The up arrow (↑) within a frame shows an elevation level, and the down arrow (↓) within a frame shows a decline level. AMP, adenosine monophosphate; ART, artesunate; CAT, catalase; COX, cytochrome c oxidase; CR, calorie restriction; ME, mitochondrial enhancement; NAD + , oxidized nicotinamide dinucleotide; NO, nitric oxide; PME, post-mitochondrial enhancement; ROS, reactive oxygen species; SOD, superoxide dismutase.
Conclusion
CR exerts a role in yeast CLS extension through two mechanisms: the one is an enhanced antioxidation to mitigate ROS generation in the ME phase via respiratory burst; and another is an attenuated metabolism to deal with food shortage in the PME phase via respiratory decay. CR-extended CLS can be partially mimicked by ART and H 2 O 2 via the induction of antioxidant responses and the promotion of metabolic alterations, which has been mirrored by global transcriptome profiling and other sensitive detection procedures.
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